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The epithelia that line the vast mucosal surfaces of the omas, the resulting monoclonal antibodies are primarily
gastrointestinal, respiratory, and urogenital tracts serve dimeric IgAs directed against microbial surface compo-
as delicate interfaces between external environments, nents. Such antibodies are well suited to intercept intact
rich in foreign antigens and microbial pathogens, and pathogens on mucosal surfaces and can be sufficient
the internal environment of the mucosa. A major branch to protect against lethal doses of the corresponding
of the immune system operates in mucosal tissues, pro- pathogen (Neutra et al., 1994b).
viding these surfaces with protective secretory antibod- Sampling of Microorganisms by M Cells
ies (McGhee et al., 1992). Sampling of luminal antigens M cell transport of enteric microorganisms seems to
occurs at specialized local inductive sites (the “orga- be a key strategy for host defense, but the molecular
nized mucosa-associated lymphoid tissue” or O-MALT)
that appear as single or aggregated mucosal lymphoid
follicles in the tonsils, adenoids, bronchi, and intestines,
including the colon and rectum. For antigens to elicit
mucosal immune responses, they must be transported
across the epithelial barrier at these sites. This is accom-
plished by induction of a specialized epithelium over
mucosal lymphoid follicles (the “follicle-associated epi-
thelium”). The follicle-associated epithelium contains M
cells, a unique epithelial cell type specialized for trans-
epithelial transport of macromolecules, particles, and
microorganisms (Neutra et al., 1996).
M Cells as Gateways to the Mucosal Immune System
M cells are well suited for efficient endocytosis and
transcytosis. They lack the rigid brush border cytoskele-
ton of their enterocyte neighbors, and their apical sur-
faces have broad membrane microdomains from which
endocytosis occurs (Figure 1). The M cell basolateral
membrane is deeply invaginated to form a large intraepi-
thelial “pocket” containing T lymphocytes (including
CD41 helper cells and CD45RO1 memory cells), B lym-
phocytes, and macrophages (Neutra et al., 1996). This
structural specialization brings the basolateral cell sur-
face to within a few microns of the apical surface and
greatly shortens the distance that transcytotic vesicles
must travel to cross the epithelial barrier. Endocytic or
phagocytic uptake of foreign antigens or particles is
followed by rapid transcytosis directly to the intraepi-
Figure 1. Diagram of an M Cell in the Intestinal Follicle-Associatedthelial pocket, with little or no retention in M cell lyso-
Epitheliumsomes. After M cell transport, antigens are processed
Invagination of the basolateral M cell surface forms an intraepithelialand presented by macrophages, dendritic cells, and B
pocket that contains B and T lymphocytes (L) and an occasional
cells within and below the epithelium, resulting in gener- macrophage (Mw). Below the epithelium are lymphocytes, macro-
ation of IgA-committed, antigen-specific B lympho- phages, and dendritic cells. Antigens and microorganisms are trans-
blasts that proliferate locally in the germinal centers cytosed into the pocket and to the organized mucosal lymphoid
tissue under the epithelium.of O-MALT and migrate via the bloodstream to distant
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Figure 2. Interactions of Microorganisms with M Cells
(A) Vibrio cholerae adhere to the periphery of the glycocalyx of enterocytes (left) to form toxin-secreting colonies. In contrast, V. cholerae that
adhere to M cells make close contact with M cell apical membranes and are phagocytosed and delivered to macrophages (Mφ). E. coli
RDEC-1 induces stable, actin-rich pedestals on M cells.
(B) S. typhimurium and typhi adhere preferentially (but not exclusively) to M cells and initiate signal transduction events that alter the M cell
apical cytoskeleton, causing active ruffling of the M cell surface and uptake of bacteria by macropinocytosis.
(C) Shigella flexneri exploits the transport activity of M cells to enter the intestinal mucosa and invade the basolateral surfaces of epithelial
cells and other mucosal cells, including macrophages (Mφ). This triggers recruitment of inflammatory cells and local cytokine release, which
in turn result in disruption of the epithelial barrier.
(D) Reovirus adheres selectively to M cells in mice, and transcytosis delivers virus to its target cells. HIV-1 applied to mouse or rabbit mucosa
adheres to M cell membranes and is transcytosed into the intraepithelial pocket.
mechanisms involved in transport are largely unknown. Exploitation of M Cell Transcytosis
by Bacterial PathogensFor example, Vibrio cholerae in the small intestine ad-
Several pathogenic bacteria exploit the M cell transportheres to peripheral components of the glycocalyx on
mechanism to infect mucosal tissues and/or to spreadmicrovillus tips of enterocytes but does not invade these
systemically before they can be halted by an immunecells; rather, the bacteria form colonies and secrete
response. However, M cells represent only a tiny minor-cholera toxin, which induces secretion of chloride ions
ity in the intestinal epithelium. How do bacteria recog-by epithelial cells, causing a potentially lethal diarrhea.
nize and adhere to these rare cells? Target cell selectiv-The interaction of V. cholerae with M cells is dramatically
ity by bacteria is generally based on the presence ofdifferent: the bacterial outer membrane and the M cell
specific host cell surface oligosaccharide epitopes thatapical membrane adhere closely via an unidentified re-
are exploited as receptors by lectin-like bacterial adhes-ceptor–ligand interaction, inducing recruitment of M cell
ins (Hultgren et al., 1993). Several groups have shownactin filaments (Neutra et al., 1994a), phagocytosis, re-
that M cell glycosylation patterns are distinct from thoselease into the intraepithelial pocket and subepithelial
of enterocytes, although the membrane glycoconju-spaces, and phagocytosis of Vibrios by macrophages
gates of M cells vary in different intestinal regions, in(Figure 2A). Digestion and antigen presentation in Pey-
different species, and even among different mouseer’s patches result in secretion of IgA antibodies that
strains (Neutra et al., 1994a). Furthermore, there arevari-can be sufficient to clear the infection and prevent sub-
ations in the glycosylation patterns of individual M cells
sequent V. cholerae colonization and diarrheal disease.
within a single follicle-associated epithelium. This diver-
Certain pathogenic strains of Escherichia coli also
sity may determine the tropisms of pathogens that ex-
colonize themucosa and interact with M cells. For exam-
ploit M cells for invasion and might allow the M cells to
ple, the rabbit pathogenic E. coli RDEC-1 and the human “sample” a wide variety of microorganisms.
enteropathogenic E. coli EPEC initially associate with Bacterial pathogens that adhere to M cell surfaces
peripheral components of the M cell surface and then can initiate epithelial signal transduction events that pro-
induce the formation of stable “pedestals” supported mote internalization. For example, Salmonella typhi and
by submembrane actin assemblies (Figure 2A). Studies typhimurium adhere rapidly and selectively to M cells
of the interaction of EPEC with cultured epithelial cell (Jones et al., 1994), apparently via novel lectin-like fim-
types have shown that initial attachment induces tyro- briae (Baumler et al., 1996). The corresponding M cell
sine phosphorylation of local host cell membrane pro- surface receptors have not been identified, although our
teins at the attachment site, and these in turn interact recent studies on Caco-2 cells in vitro have identified a
with the bacterial protein intimin (homologous to Yer- candidate gal-galNAc epitope that is recognized by S.
sinia invasins), which mediates intimate attachment and typhimurium. Adherence of S. typhimurium to M cells
is required for reorganization of the local actin cytoskele- induces rapid disassembly of the apical cytoskeleton
ton (Rosenshine et al., 1996). EPEC has developed this and loss of microvilli, ruffling and “ballooning” of the
elaborate strategy to maintain surface colonization of M cell apical surface, and engulfment of bacteria by
enterocytes, but the same molecular machinery seems “macropinocytosis” (Figure 2B). Studies utilizing intesti-
nal cell lines in vitro have shown that attachment andto operate on M cells.
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entry of Salmonella is accompanied by activation of
intracellular signaling pathways and local cytoplasmic
Ca21 spikes (Bliska et al., 1993), and presumably, similar
molecular events occur in M cells.
Shigella infection results in severe damage of the in-
testinal and colonic mucosa and loss of epithelial barrier
function. Shigella uses a remarkable mechanism to
spread from cell to cell: the bacterium adheres to the
plasma membrane and undergoes phagocytosis and
then disrupts the phagosome membrane to enter the
cytoplasm, where it proliferates and induces assembly
of a “tail” of actin filaments that propels the bacteria
into a cytoplasmic process that is phagocytosed by the
neighboring cell, thus repeating the cycle of infection
(Sansonetti, 1991). Although Shigella initially gains entry
through the intestinal epithelium in vivo, it is unable to
invade via the apical surfaces of cultured enterocyte
monolayers and can infect only via basolateral mem-
branes. This paradox was resolved by the observation Figure 3. The Glycocalyx: A Diffusion Barrier on Apical Surfaces of
that pathogenic strains of Shigella are selectively trans- Intestinal Epithelial Cells
cytosed by M cells; this is followed by local invasion of Apical surfaces of M cells (left) are relatively accessible, having only
a thin coat of membrane glycoconjugates. In contrast, the thickadjacent epithelial cells via basolateral cell surfaces,
glycocalyx on enterocytes (right) provides a significant diffusionrapid influx of neutrophils and macrophages, and cyto-
barrier.kine-mediated disruption of the epithelial barrier (Per-
domo et al., 1994; Figure 2C).
Viral Transmission via M Cells
not express the gp120 receptor CD4, but their mem-Viruses exploit the fact that M cells will endocytose
branes do contain the alternate glycolipid receptor ga-and transport any small particles that adhere to their
lactosylceramide. This has led to the suggestion thatsurfaces. M cell–specific adherence is a strategy used
HIV particles could adhere to glycolipid receptors onby the mouse pathogen, reovirus, to gain access to
rectal enterocytes and be endocytosed, to infect theits target cells in the mucosa (Figure 2D). Reovirus is
epithelium or to be transported to underlying targettransmitted orally and, although it ispartially digested by
cells. But would viral particles have access to galacto-proteases in the intestinal lumen, this does not inactivate
sylceramide on epithelial cell apical surfaces in vivo?the virus; rather, it remodels the viral outer capsid and
Apical surfaces of enterocytes consist of rigid, closely-induces extension of theviral hemagglutinin s1, creating
packed microvilli coated by transmembrane mucin-likehighly infectious “intermediate subviral particles” (Nibert
glycoproteins that form a continuous, 400–500 nm thicket al., 1991). Indeed, proteolytic conversion to intermedi-
blanket called the “filamentous brush border glycoca-ate subviral particles is a prerequisite for M cell adher-
lyx” (Maury et al., 1995), but M cells generally lack thisence (Neutra et al., 1994a), and this suggests that exten-
diffusion barrier (Figure 3).sion of the s1 protein may be required to allow contact
To evaluate the effect of the thick enterocyte filamen-with as yet unidentified M cell apical receptors.
tous brush border glycocalyx and the thin M cell glyco-Poliovirus in humans also enters the body by the oral
calyx on access of virus- or bacteria-sized particles toroute and proliferates in Peyer’s patches before spread-
glycolipid receptors, we tested the ability of a specificing to target neurons. Poliovirus type-1 and the attenu-
ligand, the nontoxic, pentameric binding (B) subunit ofated Sabin strain have been shown to adhere selectively
cholera toxin (CTB), to bind to its glycolipid receptor,to human M cells and to be taken up in clathrin-coated
ganglioside GM1, on M cells and enterocytes (Frey et al.,vesicles. This explains the effectiveness of live, attenu-
1996). Soluble CTB (diameter, 6.4 nm) can bind to GM1ated poliovirus as an oral vaccine that prevents infection
on all intestinal epithelial cells, but to do so it must comeof wild-type virus via mucosal surfaces. The receptor
into very close contact with the membrane, because thefor poliovirus on neuronal target cell membranes has
carbohydrate head groups of GM1 protrude only 2.5 nmbeen identified as a member of the immunoglobulin su-
above the surface of the lipid bilayer. Using colloidalperfamily, and the cloned gene has been used to create
gold and latex particles coated with CTB, we showedtransgenic mice that can be infected by injection of
that the filamentous brush border glycocalyx excludedvirus.Such mice are not infected when challenged orally;
particles as small as 28 nm in diameter and as large asapparently, the virus usesa different receptor on M cells.
1.1 mm from contact with membrane glycolipids,Human immunodeficiency virus (HIV) and simian im-
whereas the M cell glycocalyx allowed close contact,munodeficiency virus (SIV) can enter the body through
adherence, and endocytosis of 28 nm CTB probe butintact mucosal surfaces. Studies of SIV transmission in
not bacteria-sized, CTB-coated particles (Frey et al.,monkeys have established that SIV infection may occur
1996). This is consistent with our previous observationacross the stratified vaginal epithelium where M cells
that HIV failed to penetrate the filamentous brush borderare absent, apparently via intraepithelial CD41 dendritic
glycocalyx of rabbit or mouse enterocytes, did not con-cells (Miller et al., 1992), but the mechanisms of rectal
mucosal entry are not clear. Intestinal epithelial cells do tact enterocyte plasma membranes, and was not taken
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up by these cells but did adhere to rabbit and mouse efficiency of the M cell transport pathway are largely
unknown. Future studies on the interactions of micoor-M cells and was transcytosed (Neutra et al., 1994a).
Since M cells are numerous in human rectum, it seems ganisms with this highly specialized epithelial cell will
enhance our understanding of microbial pathogenesispossible that the accessibility and high endocytic activ-
ity of M cell surfaces could provide a transcytotic mech- and will lead to more effective strategies for targeting
of vaccines and live microbial vaccine vectors to theanism for infection of mucosal CD41 T cells, macro-
phages, and dendritic cells. mucosal immune system.
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Conclusions
M cell transport is an important factor in induction of
mucosal immune responses and is exploited by patho-
genic microorganisms for invasion of the intestinal mu-
cosa. The specific molecular recognition systems and
nonspecific adherence mechanisms that determine the
